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The Lord of the Rings

How many of you
read this book?



The Lord of the Rings

Would you be able to reconstruct it
from text fragments?



Reconstructing a text

The part of chapter 1 I gave you: ~ 500
characters

The entire book: ~ 2.5 millions (10 ) characters6



Reconstructing the whole human genome

The whole human genome ~ 3.2 billions (10 )
characters (bases)
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Reconstructing the whole human genome

The whole human genome ~ 3.2 billions (10 )
characters (bases)

9

How is it possible to reconstruct such a huge
sequence of characters?
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DNA sequencing

What is?

How does it work?

Which techniques?



DNA sequencing

DNA sequencing is basically ‘reading’ the DNA
of a subject (a human, a virus, etc)
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DNA sequencing is basically ‘reading’ the DNA
of a subject (a human, a virus, etc)

Not an easy task: we cannot use eyes or
microscopes



DNA sequencing

We need a workaround to recognize the
different nucleotides



Short reads

But they all produce short reads



DNA sequencing with physics

We would like to get longer reads

How?



DNA sequencing with physics

We would like to get longer reads

How?

Can we use physics for DNA sequencing?



Hypothesis I
DNA has a periodic structure
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Hypothesis I
DNA has a periodic structure



Hypothesis I
DNA has a periodic structure

What about modeling it as a
harmonic oscillator?



Hypothesis II



Hypothesis II



Hypothesis II



Hypothesis II

Quantum mechanics?



DNA sequencing and physics

How can we solve the problem?



Looking at the DNA structure

Each nucleotide has
a characteristic

structure



Nucleotides

How to identify
nucleotides based on

their shapes?



Looking for foodprints

We need the snow!



Electric signal



Looking for footprints

Too many footprints!



An orderly queue

We need a turnstile!



A nanopore



Slowing down the queue

But the process is very noisy.
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Slowing down the queue

But the process is very noisy.
We need to slow down it (as Galileo teaches)

We need the inclined plane!



A motor protein



The first sketch (1989)



Nanopore sequencing



Nanopore sequencing

https://www.youtube.com/watch?v=VxGliKyYuFQ&list=PLxpxXZj-
IgXy1HCVBIDY8JzzzSSXo4c_j

https://www.youtube.com/watch?v=VxGliKyYuFQ&list=PLxpxXZj-IgXy1HCVBIDY8JzzzSSXo4c_j
https://www.youtube.com/watch?v=VxGliKyYuFQ&list=PLxpxXZj-IgXy1HCVBIDY8JzzzSSXo4c_j


Nanopore sequencing

DNA sequencing

Current detection



Setup



Let’s go through physics

An isolating membrane separates
two chambers (cis and trans) with
electrolitic solution and applied

voltage

DNA is negatively charged in
solution (phosphate groups)



DNA motion

The DNA motion is governed by several effects:
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Electrostatic force
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DNA motion

The DNA motion is governed by several effects:

Electrostatic force

Idrodynamic drag of the external polymer

Entropic barrier (DNA must uncoil to enter the
nanopore)



Stationary state



Stationary state

The DNA will transverse the
nanopore in 40 ns!



Ionic current

How the volume exclusion affect the blockade current?



Ionic current

How the volume exclusion affect the blockade current?

Nernst-Planck 
equation



Ionic current

In absence of any dominant diffusive terms, the open pore current is



Ionic current

In absence of any dominant diffusive terms, the open pore current is



Blockade current

The effect of volume exclusion on the ionic current can be described as



Blockade current

The effect of volume exclusion on the ionic current can be described as

but differences between nucleotides are very small (1-2%)!
Current intrinsical fluctuations are larger



Multi-base resolution

The problem is more complex

The finite-size pore sensitive region has a length comparable with some
nucletoides (4-5).



Multi-base resolution

The problem is more complex

The finite-size pore sensitive region has a length comparable with some
nucletoides (4-5).

Therefore, the blockade current is a function of 4 nucleotides (experimentally)



The problem of noise

Several sources of noise highly affect the signal detection:

Johnson-Nyquist

Shot noise

Slow fluctuations (pore, membranes, DNA strand)



Single-base resolution

The idea is to map the current signal of a k-mer

Measure 1: b b b b b  (e.g. ACCTG)1 2 3 4 5

Measure 2: b b b b b  (e.g. CCTGT)2 3 4 5 6

Measure 3: b b b b b  (e.g. CTGTA)3 4 5 6 7
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Single-base resolution

The idea is to map the current signal of a k-mer

Measure 1: b b b b b  (e.g. ACCTG)1 2 3 4 5

Measure 2: b b b b b  (e.g. CCTGT)2 3 4 5 6

Measure 3: b b b b b  (e.g. CTGTA)3 4 5 6 7

The single-base detection emerges from:

superposition of consecutive measures
dynamic model of translocation
statistical inference



Single-base resolution



Deep Learning and nanopore sequencing

The Deep Learning model learns:

events duration
temporal shape
correlations between consecutive events
stochastic variations of the motor protein

The result is a statistical inference from a
series of correlated measures.



Two recognition sites

The use of two recognition sites in modern nanopore flow cells
allows for a better resolution



Types of nanopores

Different types of nanopores can be exploited: biological and
synthetic



Advantages of nanopore sequencing

1) Long reads
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Advantages of nanopore sequencing

1) Long reads
2) Real-time sequencing
3) Portable sequencing
4) One platform, multiple omics
5) Direct measures
6) In silico target sequencing (adaptive sampling)



Let’s try again

Reconstruct the text using longer
fragments



Let’s try again

“When Mr. Bilbo Baggins of Bag End announced
that he would shortly be celebrating his eleventy-
first birthday with a party of special magnificence,
there was much talk and excitement in Hobbiton.

Bilbo was very rich and very peculiar, and had
been the wonder of the Shire for sixty years, ever

since his remarkable disappearance and
unexpected return. The riches he had brought back

from his travels had now become a local legend,
and it was popularly believed that the tunnels of

Bag End were stuffed with treasures of all kinds.”



Target sequencing



Target sequencing



Target sequencing

Selecting and decoding specific portions of the genome 
(e.g. a set of genes, a chromosome, the exome)



Adaptive sampling



Portable devices



Portable devices



Applications of nanopore sequencing



Detection of complex structural variants



Characterization of tandem repeats



Characterization of tandem repeats



Precise allele phasing

Assigning variants to the two homologous chromosomes





On a wonderful hill in Bologna..



On a wonderful hill in Bologna..



On a wonderful hill in Bologna..



Clinical practice at IRCCS-ISNB

Use of nanopore sequencing for diagnosis of repeat expansion
disorders



Epigenetics

Nanopore sequencing allows to directly detect (without chemical
preprocessing) methylated bases



Epigenetics

Nanopore sequencing allows to directly detect (without chemical
preprocessing) methylated bases



Sequencing of mitochondrial DNA

Mitochondrial DNA (mtDNA) is circular: problem
of reconstruction and alignment



Sequencing of mitochondrial DNA

Mitochondrial DNA (mtDNA) is circular: problem
of reconstruction and alignment

Nanopore allows to sequence
an entire molecule of mtDNA



Complete sequence of human genome
(2022)



Infectious diseases

Rapid identification of pathogens



Infectious diseases

Rapid identification of pathogens
Epidemic tracking (Ebola in West Africa)



Infectious diseases

Rapid identification of pathogens
Epidemic tracking (Ebola in West Africa)
Crucial role during SARS-CoV-2 pandemic



Metagenomics

Analysis of microbial communities



Metagenomics

Analysis of microbial communities
Bacterial antimicrobial resistance surveillance



Metagenomics

Analysis of microbial communities
Bacterial antimicrobial resistance surveillance
Identification of microbial species in complex samples (water,
soil, human microbiome)



Limitations of nanopore sequencing

Low coverage (20-30x)



Limitations of nanopore sequencing

Low coverage (20-30x)
High costs (700-1000 € per run)



Limitations of nanopore sequencing

Low coverage (20-30x)
High costs (700-1000 € per run)
Error rate (Q20 on average)



Nature method of the year 2022



Conclusion

Nanopore sequencing is redefining the boundaries of diagnostics,
epidemiological surveillance, and synthetic biology.
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Conclusion

Nanopore sequencing is redefining the boundaries of diagnostics,
epidemiological surveillance, and synthetic biology.

With its potential for scalability, precision, and adaptability, nanopore
sequencing is not just a tool, but it is a platform for the future of

science and global health.

It’s a relatively new and developing technique: room for innovation.



Conclusion

The physics you study is not just a subject, but it is the
foundation for technologies that can potentially make our

planet healthier, cleaner, and more sustainable for
generations to come.



Conclusion

The physics you study is not just a subject, but it is the
foundation for technologies that can potentially make our

planet healthier, cleaner, and more sustainable for
generations to come.

Disclaimer: I did not receive any
funding from Baci Perugina



Thank you for your
attention

Thank you for your
attention

francesco.casadei@ausl.bologna.it
francesco.casadei20@unibo.it

francesco.casadei@ausl.bologna.it
francesco.casadei20@unibo.it
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